Abstract: The aim of this study was to characterize the profile of the proteins involved in the Hedgehog signaling pathway to aid in the understanding of the pathogenesis of oral epithelial dysplasia (OED). The proteins SHH, PTCH1, HHIP, SUFU, GLI1, and cyclin D1 were evaluated by immunohistochemistry in 25 cases of OED, 4 of non-neoplasic oral mucosa, 8 of inflammatory fibrous hyperplasia and 5 of hyperkeratosis. SHH proteins were predominant in OED cases. Although PTCH1 protein was observed in all cases, this molecule was more highly expressed in OED. The inhibitor protein SUFU was present in OED and HHIP protein was overexpressed in OED. GLI1 proteins were predominantly found in the nuclei of epithelial cells in OED. Basal and suprabasal cells in the epithelial lining were positive for cyclin D1 only in OED. In conclusion, comparative analysis of the proteins involved in the Hedgehog pathway suggests that enhanced expression of these proteins can play an important role in the biological behavior of OED.
O ral epithelial dysplasias (OED) are potentially malignant lesions whose mechanisms, with respect to pathogenesis and potential neoplastic transformation to oral squamous cell carcinoma (OSCC), are poorly understood. 1 The Hedgehog (HH) signaling pathway is known to play a key role in the embryonic development of several organs, 2 such as the teeth, 3 lungs, 4 colon, breasts, esophagus, 5 prostate, and stomach, 6 in addition to participating in the maintenance and growth of adult stem cells, 7 as well as in tissue repair. 8 The deregulation of HH has been associated with the development and progression of some human tumors, including cancers of the prostate, 9 gastrointestinal tract, 10 and breast. 11, 12 In humans, this pathway is mainly activated by the Sonic Hedgehog (SHH) ligand, which binds to the patched transmembrane receptors (PTCH1 and PTCH2), resulting in the release of smoothened (SMO) signaling activity. This leads to the activation and nuclear translocation of GLI-Kru¨ppel transcription factors (GLI1, 2, or 3), especially GLI1, causing the transcriptional activation of target genes, such as cyclin D1 (CCND1). 6, 13 Suppressor of fused (SUFU) and hedgehog-interacting protein (HHIP) are negative regulators of the HH pathway. 6 In the presence of HH ligands, SUFU dissociates from GLI proteins, thereby promoting their activation and translocation to the nucleus. 14 In addition, HHIP binds to all 3 Hh proteins with the same affinity and is a direct transcriptional target of HH signaling. 15 To the best of our knowledge, the literature contains no reports regarding the participation of this pathway in OED. Recognizing the potential for malignant transformation, and considering that this cascade is reactivated in OSCC, [16] [17] [18] the present study aimed to characterize the profile of the proteins involved in the HH signaling pathway to aid in the understanding of the pathogenesis of OED.
MATERIALS AND METHODS
The proteins SHH, PTCH1, HHIP, SUFU, GLI1, and cyclin D1 (CCND1) were evaluated in 25 study subjects with OED at the following sites: buccal mucosa (n = 8, 32%), tongue (n = 5, 20%), hard palate (n = 4, 16%), gingival margins (n = 3, 12%), or mouth floor (n = 2, 8%). For comparative analysis, the following were also included: 4 cases of non-neoplasic oral mucosa (NNM) obtained from the retromolar gingiva; 8 of inflammatory fibrous hyperplasia (IFH) from the alveolar ridge (n = 3, 37,5%), hard palate (n = 2, 25%), retromolar gingiva (n = 2, 25%), and buccal mucosa (n = 1, 12.5%); 5 cases of hyperkeratosis without dysplastic changes from the tongue (n = 2, 40%), alveolar ridge (n = 2, 40%), or gingival margins (n = 1, 20%). All samples were collected in accordance with the ethical principles established by Gonc¸alo Moniz Research Center (Oswald Cruz Foundation, Bahia, Brazil) Institutional Review Board.
Histological Examination
All OEDs were examined by 2 oral pathologists and classified, in accordance with the architectural and cytological criteria established by the World Health Organization (WHO, 2005), 19 as mild, moderate, or severe. Lesions were also categorized according to perceived risk of malignant transformation using the binary histological grading system proposed by Kujan et al. 20 
Immunohistochemistry
Sections were obtained at a thickness of 4 mm, then fixed in formalin and embedded in paraffin. All sections were then submitted to deparaffinization in xylene and subsequently rehydrated with alcohol. Endogenous peroxidase was blocked for 10 minutes under dark conditions (Peroxidase Blocking Solution; Dako, Carpinteria, CA), and tissue proteins were also blocked for 10 minutes (Protein Blocking Solution; Dako). The primary antibodies were incubated for 1 hour at room temperature, with the exception of PTCH1, which was incubated overnight at 41C. All data related to the commercial source, clones, and dilutions of antibodies are detailed in Table 1 .
Histological sections were then incubated with the HRP Link and HRP Enzyme reagents (Advance; Dako) for 20 minutes each. Reactions were developed using 3, 3 0 -diaminobenzidine and slides were then counterstained with Harris hematoxylin. For negative controls, each antibody was substituted with normal serum of the same isotope as the primary antibody.
Immunohistochemical Analysis
The location in which positive proteins were detected, for example, membrane, cytoplasm, or nucleus, was recorded, in addition to the location of the lesion, for example, epithelial lining or lamina propria. All histological sections were displayed on an LCD monitor at final magnifications of Â 200 and Â 400. Images were captured using a Zeiss Axioskop microscope with the aid of an AxioCam HRc camera. All images were analyzed using Image J software (National Institutes of Health [NIH], 1997). In each case, positive and negative cells were counted in 5 consecutive microscope fields. By dividing the number of positive cells over the total number of counted cells, protein semiquantification was performed using the following criteria described by Gurgel et al 21 : (À) negative, r5% of immunostained cells; (1+) Discrete, between 6% and 25% of immunostained cells; (2+) moderate, between 26% and 50% of immunostained cells; or (3+) intense, >50% of immunostained cells.
Statistical Analysis
All data were submitted to statistical analysis using Mann-Whitney nonparametric testing (GraphPad Prism 6.03; San Diego, CA).
RESULTS
With respect to WHO classification (2005), 19 21 (84%) cases were classified as mild, 2 (8%) as moderate, and 2 (8%) as severe OED. The distribution of HH molecules according to WHO criteria is described in Table 2 . Based on the binary system proposed by Kujan et al, 20 21 (84%) cases were classified as low-risk OED and 4 (16%) were found to be high risk. The distribution of HH proteins in these groups can be visualized in Figure 1 in accordance with these scoring criteria.
OED Cases Exhibit Cytoplasmic Positivity for SHH
Fourteen cases of OED (56%) were positive for the SHH protein, with a predominant score of 2+ (n = 8; 57.14%), followed by a score of 1+ (n = 4; 28.57%), and 3+ (n = 2; 14.29%). In all cases, the SHH protein was located in the cytoplasm of epithelial cells, most notably in the middle third of the epithelium. All cases of NNM and IFH were found to be negative for the SHH protein, whereas cytoplasmic staining detected just one instance of this protein in a single sample of hyperkeratosis with a score of 1+ (Figs. 2A-D and Tables 3 and 4) .
PTCH1 Expression Was a Common Finding in Cases of OED, NNM, IFH, and Hyperkeratosis
PTCH1 protein expression was observed in 23 (92%) of the 25 OED cases. In 14 (60.87%) of these, immunostaining was present in the epithelial lining and lamina propria, whereas expression was observed only in epithelial cells in 9 cases (39.13%). Cells were scored as 3+ in the lamina propria in all OED cases, and a score of 3+ predominated in the epithelial compartment (n = 17; 73.91%), followed by 2+ (n = 4; 17.39%) and 1+ (n = 2; 8.70%) (Fig. 2H) .
In the NNM cases, immunostaining was observed in the membrane, involving cells in the epithelial lining, with scores of 1+ (n = 2; 50%) and 2+ (n = 2, 50%) (Fig. 2E) . Positivity was also observed in the lamina propria. Similarly, PTCH1 was detected in the epithelial compartment of all hyperkeratosis cases, with scores ranging from 2+ (n = 3, 60%) to 3+ (n = 2, 40%) (Fig. 2G) . Immunopositivity was also detected in the lamina propria in 4 (80%) of these cases. PTCH1 protein expression was present in most of the IFH cases (n = 5, 62.5%), but exclusively located in the membranes of epithelial cells (score 1+: n = 2, 40%; score 2+: n = 2, 40%; score 3+: n = 1, 20%) (Fig. 2F) . Immunostaining score distribution for PTCH1 and corresponding statistical analysis are presented in Tables 3  and 4 
HHIP Is Overexpressed in OED, But Not in NNM, IFH, and Hyperkeratosis
Seventeen (68%) of the OED cases were positive for HHIP protein, which was observed in the membrane of epithelial cells, with a predominant score of 3+ (n = 10, 58.82%), followed by 1+ (n = 4, 23.53%) and 2+ (n = 3, 17.65%). The NNM and hyperkeratosis samples were all negative for HHIP, whereas 2 cases of IFH exhibited cytoplasmic staining scores of 1+ (Figs. 2M-P and Tables 3  and 4) . 
IFH indicates inflammatory fibrous hyperplasia; NNM, non-neoplasic oral mucosa; OED, oral epithelial dysplasia. 
GLI1 Was Predominantly Found in the Nuclei of Epithelial Cells in OED
The GLI1 protein was positive in 21 (84%) OED cases, with a predominant score of 3+ (n = 19, 90.48%), whereas the remaining 2 (9.52%) cases received a score of 2+. GLI1 was observed exclusively in the nucleus in 4 (19.05%) cases, and in the nucleus and cytoplasm in 17 (80.95%). One NNM and a single hyperkeratosis case showed positivity for GLI1 in the cytoplasm, both scored as 1+, and all IFH cases were negative for this protein (Figs. 2Q-T and Tables 3 and 4) .
Basal and Suprabasal Cells in the Epithelial Lining of OED Cases Were Positive for CCND1
Nineteen (76%) OED cases were positive for the CCND1 protein, with 9 (47.37%) presenting immunostaining scored as 1+, 6 (31.58%) as 2+, and 4 (21.05%) as 3+. This protein was exclusively found in the nuclei of epithelial lining cells. All NNM samples were negative, whereas 4 (80%) hyperkeratosis samples and 2 (25%) IFH cases were positive for CCND1, both presenting a score of 1+ (Figs. 2U-X and Tables 3 and 4) .
DISCUSSION
The present study compared the protein expression found in the HH pathway in 25 cases of OED with that observed in histologically normal tissue from NNM, as well as reactive lesions from hyperkeratosis and IFH.
In this study, all samples (OED, NMM, IFH, and hyperkeratosis) were analyzed by 2 experienced pathologists. At the beginning of our study, a total of 48 OED were selected and 23 cases were excluded in accordance with one exclusion criterion: atypical cells related to inflammation.
Histological grading indicated a predominance of mild lesions (n = 21, 84%) in the OED cases according to WHO criteria, and the risk of malignant transformation was determined to be low. Although no histological classification system exists that can accurately predict which determining factors lead OED to progress to OSCC, there is a consensus among pathologists that the binary system proposed by Kujan et al 20 is the best prognostic indicator currently available with respect to risk of malignant transformation. 22 The signaling pathways involved in embryonic development are normally maintained in an inactive state in nonneoplastic adult tissues, and it is known that reactivation may lead to tumor development. 6, 7 Recently published evidence indicates that the HH pathway appears to play an important role in the pathogenesis of OSCC [16] [17] [18] 23 ; however, to the best of our knowledge, no studies have investigated this signaling pathway in any cases of OED.
As the present results demonstrate the activation of the HH pathway in OED, we hypothesize that the proteins involved in this signaling pathway may be associated with the initial stages of carcinogenesis, that is at an earlier stage of oral cancer development; as such, these should be considered as potential candidates for biomarkers of this disease.
When activated, the HH pathway plays an important role in the transcription of genes related to cellular proliferation and differentiation, such as in cyclin D1 and b-catenin. 24 The participation of this pathway in malignant tumors has already been well established. [25] [26] [27] [28] [29] In addition, there is evidence of the involvement of HH pathway molecules in precursor lesions of the colon, 30 uterine cervix, 31 and pancreas. 27 This pathway can be reactivated via a variety of mechanisms, with or without participation of the SHH ligand, through the mutational activation of SMO protein or by mutations in PTCH1. 32 The presence of SHH morphogens found exclusively in the cytoplasm of epithelial cells obtained from the middle third in 14 (56%) cases of OED indicates that this ligand may participate in the autocrine activation of the HH pathway during the course of this disease. In other precursor lesions, such as those in the colon and cervix, SHH ligand has also been detected in the cytoplasm of genetically altered cells with greater expression than in non-neoplastic tissues. 30, 31 In the present study, PTCH1 was observed in the membranes of epithelial cells and in the lamina propria in all lesion types considered, whereas immunopositivity was markedly more intense in OED cases, notably involving greater numbers of cells. Constitutive expression of this protein is an expected finding in adult tissues, as it acts as a tumor suppressor protein 25 and negative regulator of the HH pathway. 6 Although lower levels of PTCH1 expression are to be expected in non-neoplastic tissues, 30, 31 overexpression is commonly observed in malignant neoplasia, 14, 33 which explains why the PTCH1 gene is targeted by GLI1, and why the detection of high levels of this protein are indicative of HH signaling pathway activation. 29 Similarly, increased expression of SUFU and HHIP is also to be expected when HH is activated. Both proteins act as tumor suppressors and are encoded by genes targeted by this cascade. 6 While 17 (68%) and 11 (44%) OED samples exhibited positivity for HHIP and SUFU, respectively, all NNM samples were negative for both of these proteins. In the reactive lesion samples, 2 cases of IFH and 1 of hyperkeratosis were found to be positive for both proteins. Even though the detection of PTCH1, HHIP and SUFU contribute to the activation of the HH pathway in OED cases, these proteins are also capable of suppressing malignancy events. 15, 34 One of the most remarkable findings reported herein was that nuclear staining of GLI1 was observed in 21 OED cases. This finding serves as confirmation of participation by the HH pathway in OED, since the nuclear translocation of this protein occurs only after activation of this signaling cascade. 35 Interestingly, this pattern of immunostaining was not observed in any cases of NNM, hyperkeratosis or IFH. Since the nuclear expression of GLI1 is related to a very unfavorable prognosis in several types of malignant tumors, 35 this finding urges the evaluation of GLI1 as a biomarker for OED in the context of a larger case series.
Despite the fact that CCND1 expression can be regulated by a variety of mechanisms, 36 one effect of the nuclear translocation of GLI1 is the overexpression of this protein. 37 It is important to note that the detection of CCND1 in OED has been described in both basal as well as suprabasal layers of the epithelium. 38, 39 Our results corroborate this evidence and also demonstrate that these lesions exhibit a suprabasal proliferative compartment. By contrast, the included NNM samples were considered to be negative as they showed low immunopositivity (< 5%) for this protein, which is consistent with reports by other authors who also used NNM for comparative purposes. 38 In the hyperkeratosis and IFH cases, 4 (80%) and 2 (25%) samples, respectively, demonstrated positivity in cells located in the basal and parabasal epithelial compartments. Nonetheless, CCND1 expression should be considered as a possible result of inflammation in these cases, as was previously demonstrated by Nair et al. 40 In conclusion, comparative analysis of the proteins involved in the HH pathway in the present OED, NNM, IFH, and hyperkeratosis cases strongly suggests that this pathway plays an important role in the biological behavior of OED. Notably, when compared with IFH, the OED samples exhibited higher levels of expression with respect to all the HH molecules involved, substantiating the notion that these proteins may influence carcinogenesis, regardless of the associated inflammatory process. Our results additionally provide convincing evidence that this signaling cascade becomes reactivated in OED lesions. Moreover, the expression profiles of SHH, PTCH1, and HHIP genes further corroborate this evidence (Fig. S1 , Supplemental Digital Content, http:// links.lww.com/AIMM/A81). To evaluate whether the molecules modulated by this pathway, such as the GLI1 protein, could represent relevant biomarkers of this disease, it is necessary to widen the scope of study using a more representative sampling, in addition to proficiently observing patients to identify which OED cases actually progress to squamous cell carcinoma. Alternatively, evaluating expression levels of the genes and proteins involved in the HH pathway using an experimental carcinoma model at different stages of carcinogenesis may further the understanding of how these molecules participate in tumor pathogenesis.
